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Abstract 
During the process of aircraft design, the mathematical model of pilot control behavior characteristics is always used to predict
aircraft flying qualities (FQ). This is one of the important methods to avoid pilot-aircraft adverse coupling. In order to study the 
FQ criterion based on closed-loop pilot-aircraft systems, first, an experimental database is built, which includes 40 aircraft dy-
namics configurations and the corresponding flight simulation results. Second, the mathematical pilot models with a set of dif-
ferent aircraft configurations are obtained by this experimental database. Then, two FQ criteria, Neal-Smith criterion and Mos-
cow Aviation Institute (MAI) criterion, are analyzed. And the relationship between the FQ level evaluated by actual pilot and the
parameters of closed-loop pilot-aircraft systems is studied. Finally, an improved criterion of aircraft FQ is built based on the
above two criteria. This new criterion is further used to predict FQ for four new aircraft dynamics configurations, and the predic-
tion results verify its accuracy and practicability.  
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1. Introduction1
Aircraft flying qualities (FQ) evaluation plays an 
important role during the process of aircraft design. 
From the viewpoint of flight dynamics, aircraft FQ 
refers to whether the pilot can fulfill flight task easily 
and correctly. If FQ can be predicted at the beginning 
process of aircraft design, pilot-aircraft adverse cou-
pling will be avoided and flight safety level will be 
enhanced too [1-4]. Therefore, how to build a criterion 
to predict FQ is always one of the important tasks for 
us.
Along with the development of aeronautical tech-
niques, aircraft performance and its automation degree 
are improved. And new requirements for pilot control 
behavior are proposed. Due to the fact that the func-
tion of complicated pilot-aircraft system is developed, 
human factors become the main factors to affect air-
craft flight safety and aircraft performance[5-8]. Conse-
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quently, building a criterion to evaluate modern air-
craft FQ mostly depends on closed-loop pilot-aircraft 
system. Neal-Smith criterion[9] and Moscow Aviation 
Institute (MAI) criterion [10] belong to this kind of cri-
terion.  
Neal-Smith criterion is widely used to evaluate FQ. 
In this criterion, the accuracy of tracking is met by 
restricting the maximum droop of amplitude frequency 
response of closed-loop pilot-aircraft system [9]. This is 
a boundary requirement. The pilot model with McRuer 
model form cannot be obtained exclusively by this 
boundary. So the result of aircraft FQ evaluation is not 
exclusive too. In the procedure of using MAI criterion, 
the pilot model can be obtained exclusively with the 
optimal control model (OCM) of pilot[10]. However 
this model building does not depend on experimental 
results but the modern control theory, and the precision 
of pilot modeling will be lower.  
Therefore, when we use the FQ criterion of 
closed-loop system to evaluate aircraft FQ, how to 
obtain an exclusive and accurate pilot model becomes 
important. In order to solve this problem, in this inves-
tigation a mathematical model for predicting pilot con-
trol behavior characteristics is built based on an ex-
perimental database, which has 40 aircraft dynamics 
configurations. The relationship between the FQ level Open access under CC BY-NC-ND license.
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evaluated by actual pilot and the parameters of 
closed-loop pilot-aircraft systems is studied. Finally, 
an improved FQ criterion is built based on Neal-Smith 
criterion and MAI criterion in order to predict FQ cor-
responding to the pilot rating. 
2. Experiments of Closed-loop Pilot-aircraft Systems 
2.1. Introduction of experiments 
In this investigation, pilot control behavior charac-
teristics in longitudinal pitch tracking task are studied. 
The closed-loop pilot-aircraft system shown in Fig.1 
consists of the blocks pilot, controlled elements dy-
namics (aircraft and flight control system) and inter-
face (display and manipulator). As a rule, the system 
with the shown structure works for defined input sig-
nals c(t) (commanded task). The pilot perceives a 
stimulus error signal e(t) by display and an aircraft 
state output signal y(t) by manipulator. The disturbance 
n(t) also influences pilot control behavior. The dyna- 
mics of controlled element can be mathematically de-
scribed by the transformation of a control input signal 
u(t) into an output signal y(t).
Fig.1  Closed-loop pilot-aircraft system in compensatory 
tracking task.
The experimental part of work is fulfilled by using 
the MAI workstation for investigation of manual con-
trol task. The compensatory tracking task input signal 
used in this investigation is pitching angle. It is defined 
by sum of sine functions based on fifteen single fre-
quencies [11],
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where A and M are amplitude and phase of sine func-
tions. Frequency Z in Eq.(1) varies from 0.261 8 rad/s 
to 15.710 0 rad/s. During the process of experiments 
pilot controls the elevator u(t) to change the pitching 
angle of aircraft in order to make output signal y(t)
close to input signal c(t), i.e. the control purpose of 
pilot is to make error signal e(t)= c(t) y(t) equal to 0.  
The pilot must have adequate skill to fulfill the pitch 
tracking task. And during the process of experiments 
he must control aircraft actively and efficiently. 
2.2. Aircraft dynamics configurations 
In order to study aircraft FQ criterion, it is necessary 
to do adequate experiments with a set of different air-
craft dynamics configurations. So, a broad database of 
configurations is implemented. In the process of FQ 
criterion’s development 40 configurations including 23 
Neal-Smith[9] and 17 HAVE PIO[12] configurations are 
investigated. The pilot rating (PR) of these configura-
tions are varied from 2 to 10 Cooper-Harper scale’s 
metrics. Therefore, it can be used to study criterion of 
aircraft FQ. 
In stead of high order aircraft configuration, the 
equivalent low order aircraft configuration is always 
used in the study of FQ criterion. In this investigation, 
each configuration consists of the control system filter 
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The control system filter consists of first, second 
and fourth-order linear filters. These filters are of the 
following form:  
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The elevator actuator dynamics is modeled as a 
second-order filter:  
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The longitudinal aircraft transfer function has the 
following form: 
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Table 1 gives the parameters for the above transfer 
function. For all configurations, ¯3= 0.7. 
Table 1  Parameters of HAVE PIO configurations 
Aircraft dynamics Control system and  actuator dynamics Configu- 
rations 
1/W- 2 Zsp/[sp 1/W1 1/W2 Z3
PR
HP2B 0.71 2.4/0.64 3.33 10.0 75 4.0
HP21 0.71 2.4/0.64   75 2.3
HP25 0.71 2.4/0.64  1.0 75 9.0
HP3D 0.71 4.1/1.00 20.00 10.0 75 2.0
HP31 0.71 4.1/1.00   75 4.0
HP41 0.71 3.0/0.74   75 2.7
HP42 0.71 3.0/0.74  10.0 75 3.3
HP51 0.71 1.7/0.68   75 3.5
NS1A 1.25 2.2/0.69 0.50 2.0 63 5.0
NS1B 1.25 2.2/0.69 2.00 5.0 63 3.5
NS1C 1.25 2.2/0.69 2.00 5.0 16 4.3
NS1D 1.25 2.2/0.69   75 4.0
NS1E 1.25 2.2/0.69  5.0 63 6.0
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Continued
Aircraft dynamics Control system and  actuator dynamics Configu- 
rations 
1/W- 2 Zsp/[sp 1/W1 1/W2 Z3
PR
NS1F 1.25 2.2/0.69     2.0   63 8.0
NS1G 1.25 2.2/0.69     0.5   63 8.5
NS2A 1.25 4.9/0.70   2.00 5.0   63 4.5
NS2B 1.25 4.9/0.70   2.00 5.0   16 5.0
NS2C 1.25 4.9/0.70   5.00 12.0    63 3.0
NS2D 1.25 4.9/0.70   75 2.5
NS2E 1.25 4.9/0.70    12.0     63 4.0
NS2F 1.25 4.9/0.70    5.0   63 3.0
NS2G 1.25 4.9/0.70    5.0   16 7.0
NS2H 1.25 4.9/0.70    2.0   63 5.5
NS2I 1.25 4.9/0.70    2.0   16 8.0
NS2J 1.25 4.9/0.70    0.5   63 6.0
NS3A 1.25 9.7/0.63   75 4.5
NS4A 1.25 5.0/0.28   75 5.5
NS5A 1.25 5.1/0.18   75 6.0
NS6C 2.40 3.4/0.67   75 4.0
NS7C 2.40 7.3/0.73   75 2.8
NS8A 2.40 16.5/0.69     75 4.5
Aircraft dynamics Control system and actuator dynamics Configu- rations 
1/W-2 Zsp/[sp Z1/[1 Z2/[2 Z3
PR
HP27 0.71 2.4/0.64 12/0.70  75 5.0
HP28 0.71 2.4/0.64 9/0.70  75 7.0
HP36 0.71 4.1/1.00  16/0.70  75 4.5
HP38 0.71 4.1/1.00 9/0.70  75 5.7
HP312 0.71 4.1/1.00 2/0.70  75 8.0
HP313 0.71 4.1/1.00 3/0.70  75 8.7
HP59 0.71 1.7/0.68 6/0.70  75 7.3
HP510 0.71 1.7/0.68 4/0.70  75   10.0
HP511 0.71 1.7/0.68 16/.93 16/0.38 75 6.3
The final parameter required for the configuration 
definition is Kc. This gain is a function of the ratio of 
elevator to stick deflection. During the ground-based 
simulation, the pilot to fly a given configuration selects 
the Kc gearing for that configuration.  
For these 40 aircraft dynamics configurations, single 
loop pitch tracking experiments are fulfilled by pilot in 
simulator. The results of experiments constitute an 
experimental database, which is used to study FQ cri-
terion. 
3. Pilot Model 
3.1.  Model of closed-loop pilot-aircraft system 
If pilot is replaced by pilot model, the closed-loop 
pilot-aircraft system shown in Fig.1 can be rewritten as 
Fig.2, where Wp is transfer function of pilot model and 
Wc is transfer function of controlled element. In this 
figure, disturbance condition n is eliminated, because 
its influence is not studied in this investigation. 
Fig.2  Model of closed-loop pilot-aircraft system in com- 
pensatory tracking task.
3.2.  Method of pilot modeling 
In order to obtain aircraft FQ criterion based on 
closed-loop pilot-aircraft systems, first of all, the 
mathematical model for predicting pilot control be-
havior characteristics must be studied. Ref.[11] gives 
us a method to build pilot predicting model. This 
method considers that pilot has different control be-
havior characteristics with different aircraft dynamics 
configurations. The results of experiments with differ-
ent aircraft configurations in closed-loop pilot-aircraft 
system show that pilot has similar control behavior 
characteristics for similar aircraft configurations. 
Therefore, we can adapt the method to predict pilot 
control behavior, hereinafter introduce it briefly. 
(1) To build an experimental database  
In this investigation, an experimental database with 
40 aircraft dynamics configurations is implemented 
(see Section 2.2). 
(2) To choose similar aircraft configurations 
In order to obtain pilot model for predicted aircraft 
configuration, it is necessary to select two similar con-
figurations for predicted configuration from the data-
base of configurations. This selection is based on 
Eq.(8), which is used to evaluate similar degree of two 
configurations, 
2
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where Ac pred and Mc pred are amplitude and phase of pre-
dicted configuration, Ac i and Mc i are amplitude and 
phase of configuration i in the database of configura-
tions. The range of frequency ¹ in Eq.(8) can be 
chosen by concrete instance. The smaller the value of 
Ji is, the more similar the characteristics between pre-
dicted configuration and configuration i are. The value 
of Ji for each configuration in the database of configu-
rations is calculated. And two configurations, which 
have the smallest values of Ji, are selected to be similar 
configurations. 
(3) To interpolate the frequency response 
According to amplitude and phase frequency re-
sponse of pilot control behavior for two similar con-
figurations, we can obtain the amplitude and phase 
frequency response of pilot control behavior for pre-
dicted configuration with the method of linear interpo-
lation. 
If the similar configurations are called Configura-
tion m and Configuration n, their amplitude and phase 
are Ac m, Mc m and Ac n, Mc n. The corresponding ampli-
tude and phase frequency response of pilot control 
behavior are Ap m, Mp m and Ap n, Mp n. Therefore, ampli-
tude and phase frequency response of predicted pilot 
control behavior Ap pred and Mp pred can be calculated by 
interpolating Eqs.(9)-(10) at frequency Zk.
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By the way, in order to eliminate influence of con-
figuration gain to parameters of pilot model, it is nece- 
ssary to standardize amplitude of predicted configura-
tion and similar configurations before interpolation[11].
The method of building pilot model using the ex-
perimental database for predicting pilot control be-
havior characteristics gives us an exclusive and accu-
rate pilot model. This model can be used to predict 
aircraft FQ. 
4. Criterion for Predicting FQ 
4.1. FQ rating scale 
Currently the accepted aircraft FQ rating scale in the 
world is Cooper-Harper (C-H) rating scale[13].  Ac-
cording to the aircraft control and the workload of pi-
lot to fulfill various flight tasks, C-H scale uses words 
to describe aircraft characteristics. And the require-
ment for pilot in a set task with a numerical rating 
from 1 to 10 is assigned. C-H scale is subjective pilot 
evaluation. Detailed description of C-H scale is shown 
in Ref.[13].  
The numerical ratings are often described in terms 
of FQ “Levels”, with Level 1 referring to ratings from 
1.0 to 3.5, Level 2 referring to ratings from 3.5 to 6.5 
and Level 3 referring to ratings greater than 6.5. These 
levels are specified in terms of qualitative degrees of 
suitability in MIL-F-1797[14]:
Satisfactory (Level 1): FQ is clearly adequate for the 
mission flight phase. Desired performance is achie- 
vable with no more than minimal pilot compensation. 
Acceptable (Level 2): FQ is adequate to accomplish 
the mission flight phase, but there is a certain increase 
in pilot workload or degradation in mission effective-
ness, or both exist. 
Controllable (Level 3): FQ is such that the aircraft 
can be controlled in the context of the mission flight 
phase, even though pilot workload is excessive or mis-
sion effectiveness is inadequate, or both. 
In this investigation, we study aircraft FQ criterion 
to predict FQ Level based on Neal-Smith criterion and 
MAI criterion.  
4.2. Neal-Smith criterion 
Neal-Smith criterion is originally developed from 
the observations and results of an in-flight investiga-
tion of longitudinal fighter aircraft FQ performing pre-
cision pitch tracking [9]. The pilot-aircraft system is 
shown in Fig.3. 
Fig.3  Model of closed-loop pilot-aircraft system for Neal- 
Smith criterion.
The pilot model Wp (McRuer model) is shown in 
Eq.(11) or Eq.(12)[14],
p 1
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where Wp is pilot’s time delay with fixed value 0.25 s, 
Kp is gain of pilot, and T1 and T2 are parameters of 
pilot lead and lag compensatory. Therefore, the analy-
sis requires the selection of the parameters Kp, T1 and 
T2 representing pilot compensation so that the follow-
ing enumerated performance standards are met: 1)a 
bandwidth ZBW, defined by a closed-loop phase of 
90q (see Table 2); 2)a maximum low frequency droop 
of 3 dB for Z < ZBW, and the type of the compensa-
tion leading to a minimum value of resonant peak r.
These performance standards are summarized in Fig.4. 
Table 2  Requirements of bandwidth in each flight phase
Flight phase Bandwidth ZBW/(rad·s1)
Category A 3.5 
Category B 1.5 
Landing 2.5 
Other category C 1.5 
Fig.4  Neal-Smith pilot strategy in tracking.
As shown in Fig.5, Neal-Smith criterion is able to 
correlate pilot rating with pilot compensation phase  
'Mp and magnitude of resonance peak of closed-loop 
pilot-aircraft system r.
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Fig.5  Neal-Smith criterion.
In order to predict aircraft FQ with Neal-Smith cri-
terion, the mathematical model for describing pilot 
control behavior characteristics in longitudinal pitch 
tracking task needs to be built. But McRuer pilot 
model cannot be obtained exclusively by the boundary 
requirement in Neal-Smith criterion. If the pilot model 
can be obtained exclusively, the precision for predict-
ing FQ will be enhanced.  
4.3. MAI criterion 
MAI criterion is based on the work of Neal-Smith 
criterion. The differences between these two criteria 
are: ķthe method to determine pilot compensatory 
phase; ĸthe pilot model. 
MAI criterion is defined in terms of resonance peak 
of closed-loop system r and pilot compensation pa-
rameter 'Mp. Fig.6 gives us Level 1 and Level 2 
boundary of MAI criterion (see dashed line) [14-15].
Fig.6  Boundary of MAI criterion and improved criterion.
In Neal-Smith criterion pilot compensation parame-
ter 'Mp is determined by the value of pilot phase fre-
quency response at a fixed bandwidth¹BW for differ-
ent flight phases. Actually the bandwidth is also vari-
ous in the same flight phase[16-17]. Therefore MAI cri-
terion develops Neal-Smith criterion with new method 
to obtain pilot compensation parameter. This parameter 
is defined as the maximum (plus or minus) difference 
between pilot phase frequency response corresponding 
to the predicted configuration Mp and pilot phase fre-
quency response corresponding to the optimal dyna- 
mics optpM  in wide frequency range, i.e., 'Mp=Mp optpM .
In this investigation, the optimal dynamics is the sim-
plest aircraft controlled element. Its phase frequency 
response of pilot optp 57.3M WZ|  , where W = 0.18 s[15].
In stead of the simplified model of pilot control be-
havior (McRuer model) in Neal-Smith procedure, an 
OCM of pilot is used in MAI criterion and an exclu-
sive pilot model can be obtained.  
4.4. An improved criterion of closed-loop pilot-air- 
craft system 
The improved criterion is based significantly on the 
work of MAI criterion. The difference between these 
two criteria is the method of pilot modeling. MAI cri-
terion uses the OCM of pilot. The improved criterion 
uses an experimental database with 40 aircraft dyna- 
mics configurations to build mathematical model for 
predicting pilot control behavior (see Section 3.2). 
This pilot model can be obtained exclusively. And this 
modeling depends on the results of experiments, so it 
can be obtained more accurately. 
The closed-loop pilot-aircraft system is comprised 
of pilot model and predicted aircraft dynamics con-
figuration (see Fig.2). Therefore, resonance peak of 
closed-loop system r and pilot compensation phase 
'Mp are obtained. The parameter 'Mp is characterized 
by two values (positive pM' and negative pM' ). The 
points ( pM' , r) and ( pM' , r) are marked in Fig.6. If 
these two points belong to different pilot rating levels, 
the worse result is chosen. For example, for configura-
tion HP42, its ( pM' , r) = (26.90°, 3.50 dB) and this 
point belongs to the boundary of Level 2. Its ( pM' , r) = 
(22.84°, 3.50 dB) and this point is in the boundary of 
Level 1. So the FQ Level of configuration HP42 is 
Level 2.  
The results of such FQ prediction for the database of 
configurations are shown in Fig.6. The predicted rating 
levels correspond to the experimental results for 22 
configurations from this database. The precision of 
predicting FQ for Level 1, 2 and 3 are 80%, 68% and 
9%. For aircraft configuration with Level 3 the pre-
dicting FQ level is the worst. These results show that 
the boundary of Level 2 of the improved criterion is 
not fit for the pilot predicting model. In order to im-
prove the results of FQ prediction, the boundaries of 
Level 1 and Level 2 of MAI criterion are modified (see 
the real line in Fig.6). The requirement of boundary is 
stricter. The precision of predicting FQ for Level 2 and 
3 is enhanced to 74% and 55% after the boundary is 
modified. 
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5. Test for Boundary of Improved FQ Criterion 
In order to verify the practicability of the improved 
aircraft FQ criterion of closed-loop pilot-aircraft sys-
tem, four new aircraft dynamics configurations are 
studied: 
Configuration Ⱥ is 
ɫ 2
15 1 0.5( )
15 0.2 1 0.3
W s
s s s s
    
Configuration B is  
c 3 2 2
1 2 5( )
0.2 1 2 1.6 0.687 5 1.6
sW s
s s s s
   u u 
Configuration C is 
c 2
15 0.5( )
15 0.3
W s
s s s
  
Configuration D is 
c 3 2 2
2 2 /1.39( )
2 1.6 0.687 5 1.6
sW s
s s s
  u u 
For these four configurations, the levels of FQ 
evaluated by pilot are from Level 1 to Level 3, there-
fore this test is a representative one. Table 3 and Fig.7 
give us the levels of evaluation by pilot and pilot pre-
dicting model. 
Table 3  Results of predicting aircraft FQ 
Configuration Level evaluated by pilot Level predicted by pilot model 
Ⱥ 2 2 
B 3 3 
C 2 2 
D 1 2 
Fig.7  Results of predicting aircraft FQ.
As shown in Table 3, when we predict FQ with the 
improved criterion, worse level (one level larger than 
pilot evaluation) is obtained for configuration D only 
and correct FQ is received for others. Noticeably, the 
location of the point ( +pM' , r) for configuration D is 
closer to boundary 1 (see Fig.7). These results verify 
the accuracy and practicability of the improved aircraft 
FQ criterion.  
6. Conclusions 
(1) The study is based on experiments. An experi-
mental database, which has 40 aircraft dynamics con-
figurations chosen from HAVE PIO and Neal-Smith 
configurations, is built. The experiments are fulfilled 
by using the Moscow Aviation Institute workstation 
for investigation of manual control task. The models 
for predicting pilot control behavior characteristics are 
built based on this experimental database. 
 (2) An improved FQ criterion of the closed-loop 
pilot-aircraft system is built based on Neal-Smith cri-
terion and MAI criterion. The FQ levels predicted by 
pilot model with the improved criterion for four new 
aircraft dynamics configurations are calculated, and 
75% of the predicting results are correct. Therefore we 
can say that the improved FQ criterion can more accu-
rately predict aircraft FQ. 
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